Using computer simulations, we investigate the interfacial structure of sodium dodecyl sulphate (SDS) monolayers adsorbed at the water surface and water-oil interfaces. Using an algorithm that removes the averaging effect of the capillary waves, we obtain a detailed view of the solvation structure of water around the monolayer. We investigate surface concentrations between 45 and 33 Å 2 per surfactant, which are near experimental conditions corresponding to the critical micellar concentration and the formation of Newton black films. The surfactants induce a layering structure in water, which disappears at approximately 1 nm from the monolayer plane. The water molecules exhibit a preferred orientation with the dipoles pointing towards the monolayer. The orientational order decays slowly, but it does not influence the hydrogen bond structure of water, which is significantly disrupted in the interfacial region only. These structural changes are qualitatively the same in SDS-water and oil-SDS-water interfaces. In the latter case, we find a small degree of penetration of oil in the monolayer (between 0.2 and 0.25 molecules per SDS). This small penetration has a measurable effect on the monolayer, which increases its thickness by approximately 10 per cent. The bending modulus of the SDS monolayers is of the order of the thermal energy, k B T .
Introduction
Foams and emulsions are colloidal dispersions formed when air-water and oil-water interfaces are 'stabilized' by a surfactant (Bibette et al. 1999) . These soft interfaces play a very important role in industrial applications: the food industry, oil recovery, rheology, pharmaceutical formulations, blood *Authors for correspondence (f.bresme@imperial.ac.uk; echacon@icmm.csic.es).
One contribution of 16 to a Special feature 'High-performance computing in the chemistry and physics of materials '. substitutes, the agrochemical industry, paint and printing. Foams and emulsions are thermodynamically unstable. The equilibrium situation corresponds to complete demixing of the two phases (air-water or oil-water). However, by adding surfactants they can be stabilized for very long times, becoming useful in practical applications. It is therefore important to understand the interactions that regulate emulsion stability as well as the mechanisms leading to the emulsion destruction (Bibette et al. 1999) .
Surfactant-water mixtures can also form micro-emulsions (MEs), which share many structural characteristics with emulsions, but, unlike the latter, MEs are thermodynamically stable (Langevin 1992) . Normally, the size of the droplets dispersed in MEs varies between 5 and 50 nm, much smaller than the droplets formed in emulsions. MEs involve very low interfacial tensions (< 10 −2 mN m −1 ) and the bending modulus becomes particularly significant in determining their properties (de Gennes & Taupin 1982; Monkenbusch et al. 2005) .
The structure of surfactant-water-air and surfactant-water-liquid interfaces plays an important role in determining the thermodynamic and elastic properties of emulsions and MEs. These interfaces have been investigated using several experimental techniques. Frequency-generation spectroscopy experiments of sodium dodecyl sulphate (SDS) ionic surfactant monolayers at the D 2 O-CCl 4 interface (Messmer et al. 1995; Conboy et al. 1996) suggest that the SDS chain order increases with surfactant concentration, in agreement with other experimental approaches Ward et al. 1994) . When the surfactants adsorb at oil-water interfaces, the penetration of the water and/or oil phases in the monolayer is expected to affect the surfactant conformation, as well as the bending elasticity and curvature of the monolayers. Small-angle neutron-scattering experiments of surfactant monolayers in oil-water MEs do not show evidence of water penetration. Interestingly, experiments with Aerosol-OT (AOT) monolayers do not show clear evidence of significant oil (cyclohexane)-monolayer mixing either (Eastoe et al. 1996b) . Some of these observations have been confirmed in other surfactants, e.g. methylammonium bromide-stabilized water-in-oil (cyclohexane) MEs (Eastoe et al. 1996a) . On the other hand, neutron reflectivity experiments of planar interfaces indicate higher degrees of penetration of the oil phase (dodecane) in tetradecyltrimethylammonium bromide monolayers (Lu et al. 1992) . For surface areas per surfactant similar to those investigated in the ME experiments, it was found that the oil did penetrate the surfactant layer, reaching a ratio of about 0.8 oil molecules per surfactant. Further investigations and complementary approaches are needed to accurately quantify the degree of oil penetration in the surfactant monolayers.
We investigate in this article the interfacial structure of ionic SDS monolayers adsorbed at water surfaces and water-oil interfaces. These interfaces are representative of the monolayers formed in many emulsions and MEs, where SDS features as one of the main components (e.g. Bibette et al. 1999) . The mixture water-SDS shows a remarkably complex phase behaviour (Kékicheff 1989) , and the SDS surfactant is one of the most widely used detergents, with many applications in industry, science and technology. The SDS interface has been previously investigated using computer simulations (Schweighofer et al. 1997; Dominguez & Berkowitz 2000; Yang et al. 2009; Napoli & Gamba 2010) . These studies focused on structural analyses based on the computation of the average density profiles, and therefore provide a limited view of the interfacial structure. We investigate in this work the monolayer structure using a modification of the recently introduced intrinsic sampling method (ISM; Chacón & Tarazona 2003; Tarazona & Chacón 2004) . This method provides a route to obtain the intrinsic interfacial structure, in which the averaging effect of the thermal capillary waves is removed. The power of this technique has been illustrated recently in the investigation of oil-water interfaces (Chowdhary & Ladanyi 2006; Bresme et al. 2008a Bresme et al. ,b, 2010 .
The paper is structured as follows. We introduce the force fields used to simulate the SDS monolayers at water surfaces and water-oil interfaces. A discussion of the methods employed to compute the intrinsic density profiles and the bending modulus follows. We then present our results for the intrinsic structure and bending elasticity of SDS monolayers, addressing both composition and area per surfactant. The final section containing the main conclusions from this work closes the paper.
Methodology (a) Force-field and computer simulation details
We have investigated SDS surfactant monolayers adsorbed at the water surface and at the oil-water interface. In the latter case, we considered dodecane to model the oil phase. All the simulations were performed at T = 300 K and with no added salt. Water was modelled using the TIP4P-2005 model (Abascal & Vega 2005) , which accurately reproduces the surface tension of the water-vapour interface (Vega & de Miguel 2007; Alejandre & Chapela 2010) . We have shown that the intrinsic profiles of the oil-water interfaces are fairly independent of whether the hydrocarbon chains are represented through united atom or full atom models (Bresme et al. 2010) . Hence, we have modelled the oil molecules and the SDS surfactants using united atom models, as the simulations can be performed at a significantly lower computational cost. Dodecane was modelled using the TraPPE force field (Martin & Siepmann 1998) .
The intermolecular dispersive interactions were represented using the truncated and shifted Lennard-Jones potential, Intermolecular interactions between different atoms were derived using standard combination rules, s ij = (s i + s j )/2 and 3 ij = √ 3 i 3 j . In the rest of the paper, we will use s OW = 3.166 Å as the unit length to represent our results. This diameter corresponds approximately to the diameter of the oxygen atom in the water molecule. The intramolecular interactions included a combination of bond constraints, bending and torsional terms. Full details of the force fields employed are given in table 2.
The coulombic interactions between charged particles were handled using the three-dimensional particle mesh Ewald technique, including the dipole correction term (Yeh & Berkowitz 1999) .
A typical simulation involved 256 surfactants and 14 432 water molecules. We also considered 2700 dodecane molecules to simulate the oil-surfactant-water interfaces. In order to investigate the dependence of the interfacial structure on the surfactant surface concentration, we investigated systems corresponding to 45 and 33 Å 2 per surfactant. These areas per surfactant are near those found in experiments at the critical micellar concentration (Lu et al. 1993) and in the spontaneous formation of Newton black films (Bélorgey & Benatar 1991) , respectively. The simulations were performed either at constant interfacial area in the canonical ensemble using the Nosé-Hoover thermostat (Nosé 1984; Hoover 1985) or at constant interfacial tension using the Berendsen coupling scheme (Berendsen et al. 1984) . We performed long simulations spanning 5 ns equilibration and over 10 ns production runs to ensure a good sampling of the long wavelength fluctuations of the monolayers, which were later analysed to estimate the monolayer bending modulus. The intrinsic profile is defined as
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2.092 Schweighofer et al. (1997) where x(R, q u ) represents the intrinsic surface, R = (x, y) is the location of the intrinsic surface for a specific configuration and A 0 is the cross-sectional area of the interface. q u is a wavelength cut-off defined by molecular dimensions, q u ∼ 2p/s, where s is of the order of one atom diameter. The convolution of the intrinsic profile,r(z, q u ), with a Gaussian probability distribution provides a route to recover the mean density profiles (e.g. Bresme et al. 2008b) . Similarly, we can define the orientational intrinsic profiles,
wherep i is defined in water as the 'unit' vector pointing in the direction of the dipole moment, and the second moment distribution profile,
which indicates whether the water molecules are oriented perpendicular (T > 0) or planar (T < 0) to the interface. The construction of the intrinsic surface, x, consists of two steps. First, the particles belonging to the outmost molecular layer, 'pivots', are selected. These pivots are then used to calculate the intrinsic surface, which corresponds to the surface providing the best interpolation through the pivots. Several approaches have been discussed to select the pivots (Chacón & Tarazona 2003; Pandit et al. 2003; Tarazona & Chacón 2004; Chowdhary & Ladanyi 2006; Partay et al. 2008; Jorge et al. 2010; Willard & Chandler 2010) . Their identification in the specific case of SDS monolayers is trivial. Because the surfactants never leave the interface during the simulation, a natural choice is to use the surfactant head groups. In our analysis, we have chosen the centre of the head group, defined by the sulphur atoms. Other choices are possible (e.g. any of the four oxygen atoms in the headgroup), but we found that the sulphur atom provides a better definition of the intrinsic profile, which features stronger oscillations in this case, making possible the identification of the water layers solvating different atoms. A similar choice has been made in recent work on simulations of AOT reverse micelles (Chowdhary & Ladanyi 2009) .
Once the surface pivots are known we construct the intrinsic surface. In the present work, we have used two methods: the ISM (Chacón & Tarazona 2003) and a Delaunay triangulation (DT) approach.
In the ISM, the intrinsic surface is described through its Fourier components, 6) where the sum runs over wavevectors, q c = 2p(n c )/L c and n c = 0, ±1, ±2 · · · , where c is either x or y. This creates a periodic surface. The upper limit q u = 2p/l c , where l c is the wavelength 'cut-off' used to truncate the capillary wave spectrum. For all the possible surfaces passing through the surface pivots, the intrinsic surface is the one that minimizes the area. It also has null Fourier components for any wavevector |q| > q u . In this definition, there is an explicit dependence of the intrinsic surface on the wavevector cut-off, l c . The results for the intrinsic density profiles are nearly identical within a broad range of values of l c ; however, the spectrum of capillary waves may show a large dependence on l c . As noted in previous work, the optimum wavelength l c is given by the average distance between the surface pivots (Chacón et al. 2009 ). That choice along with the minimal area requirement guarantees that the intrinsic surface interpolates smoothly through the pivots. One alternative approach to construct the intrinsic surface is to perform a three-dimensional triangulation. We build a three-dimensional terrain from the two-dimensional DT formed by projecting the pivots onto the (x, y) plane (CGAL 2008) (see Chacón et al. (2009) for a full discussion). The intrinsic profiles are obtained directly using the triangulated surface. The Fourier components of the spectrum are obtained by fitting the triangulated surface to equation (2.6). This fit is performed using a continuous triangulated surface and not using a discrete set of pivots.
For the SDS monolayers, the intrinsic profiles and the capillary wave spectrum obtained with the ISM and the DT methods are essentially the same. Hence, in this article we present the results obtained with the DT approach only.
Following the capillary wave theory, the mean square fluctuation of the intrinsic surface can be estimated from
where g 0 represents the macroscopic interfacial tension. Simulations and X-ray experiments have shown deviations from equation (2.7) for qs > 1. A more general expression that captures these deviations is (Chacón & Tarazona 2003 
where g(q) is an effective interfacial tension. The variation of g(q) with q for qs > 2 may depend on the method employed to construct the intrinsic surface (see Chacón et al. (2009) for an extensive discussion), but it is rather insensitive to the method employed for smaller wavevectors (Delgado-Buscalioni et al. 2008; Chacón et al. 2009 ). Because equation (2.8) is well defined in the low-q domain, we will use it to estimate the mechanical properties of the monolayers. The magnitude of the fluctuations, |x q | 2 , depends on the elastic properties of the monolayer through (Helfrich 1973) 
where k is the bending modulus. This equation has been used to compute the bending modulus of bilayer membranes (Lindahl & Edholm 2000; Loison et al. 2003; Harmandaris & Deserno 2006) . In most cases, the surface tension of the bilayers is set to zero; hence, the low-q fluctuation modes are determined using the bending modulus only. In the general case of a bilayer or a monolayer under tension, both g 0 and k have to be considered. This is the situation we are interested in. This problem has not been explored systematically in the literature, although some simulations using simplified force fields exist (Laradji & Mouritsen 2000; Rekvig et al. 2004) . The fluctuations corresponding to low-q vectors are dominated by the interfacial tension when this is not zero. Typically, the threshold for the damping of the fluctuations is q g 0 ∼ √ g 0 /k. Similarly, for large q vectors, q p > 2p/d, where d is the thickness of the monolayer, the fluctuations correspond to protrusions of individual surfactants from the interface plane. For vectors larger than q p , a continuum model for the monolayer is no longer valid. Although these q boundaries, q p and q g 0 , are not strict, we expect that the bending fluctuations will dominate for intermediate wavevectors,
Because we employed periodic boundary conditions in the monolayer plane, the monolayer is on average planar. In real emulsions, there is a spontaneous curvature because of the asymmetry of the monolayer. Our simulations model situations relevant to emulsions and foams, where large droplets or bubbles, i.e. small interfacial curvatures, are present.
Results

(a) Intrinsic density profiles
We start our discussion by examining the intrinsic structure of the SDS-water and dodecane-SDS-water interfaces for an area per surfactant of 33 Å 2 . This low area per surfactant has been reported in experiments of Newton black films. Figure 1 shows the intrinsic profiles for the different components in the film. In all cases, we used the sulphur atoms in the SDS to compute the intrinsic surface. In addition, we used the terminal SDS-CH 3 pseudo-atoms to define the intrinsic surface needed to compute the oil intrinsic density profiles.
First, we discuss the differences between the SDS-water and oil-SDS-water interfaces. We find that the water and sodium profiles are insensitive to whether the SDS surfactant is in contact with oil or not. At 33 Å 2 per surfactant, the penetration of the dodecane molecules in the SDS monolayer is small (figures 1 and 2a), with a tiny amount reaching the SDS head group located at z = 0. We have quantified the degree of penetration of oil by integrating the density profiles using as the lower limit the point at which both dodecane and SDS cross each other, and z = 10s OW for the upper limit. We find that about 0.2 dodecane molecules per SDS molecule penetrate in the monolayer. A small penetration of oil in monolayers has also been found in other systems, e.g. cyclohexane-water interfaces stabilized with cationic surfactants, where values of approximately 0.5 oil molecules per surfactant have been reported (Eastoe et al. 1996a,b) . The presence of these small quantities of oil has a measurable effect on the SDS chain conformation though, with the SDS layer increasing its thickness by approximately 10 per cent when it is in contact with oil. The tilt angle of the SDS molecules decreases from 37
• (without oil) to 33
• (with oil). The stretching of the surfactants in liquid-liquid interfaces agrees with the previous computer simulations of Dominguez & Berkowitz (2000) , who investigated SDS at the water-CCl 4 interface. Figure 1b offers a complementary view of the SDS structural changes discussed above. In this case, we have computed the intrinsic profile of the SDS surfactantvacuum and SDS-oil interfaces using the SDS CH 3 groups as pivots. The density profile features a delta function peak at the CH 3 position. The fact that the SDS profile is not zero for z < 0 indicates that the terminal groups can penetrate the SDS structure. Hence, the dodecane phase interacts with a mixture of methylene and methyl groups. Our results indicate that, at low areas per surfactant (33 Å 2 ), there is still a considerable degree of disorder in the SDS chains. This result is consistent with the spectroscopic measurements of SDS monolayers (Messmer et al. 1995; Conboy et al. 1996) .
Inspection of figure 1a shows that the oil molecules have a negligible effect on the structure of the SDS molecules in the head group region. This explains why water and the counterions are not affected by the presence of the oil. The water molecules in contact with the SDS monolayer are strongly perturbed (figure 1a). In the SDS region (z < 0), there is a peak in the density profile that corresponds to water molecules solvating the head groups. The water molecules penetrate about two molecular diameters (2s OW ) in the aliphatic chain region. In the aqueous region (z > 0), we find a strong structuring too, with oscillations extending about three molecular diameters (3s OW about 1 nm) from the intrinsic surface. This result contrasts with the previous computations of water-oil interfaces (Bresme et al. 2008a (Bresme et al. ,b, 2010 , where it was shown that the water structure is exactly the same as that of the water-vapour interface, i.e. the presence of the oil phase does not modify the interfacial structure of water. In the present case, the ionic character of the surfactants introduces much larger perturbations, and, as we will see below, it induces a strong polarization of the water molecules. Finally, we find that the dodecane phase is influenced by the presence of the surfactant. It features a strong oscillatory behaviour, with the oscillations penetrating the dodecane phase about 3s OW , i.e. approximately 1 nm ( figure 1b) .
In the following, we investigate the impact of the area per surfactant on the structure of the oil and water phases (figure 3). We have performed additional simulations at 45 Å 2 per surfactant, which is near the surface concentration found in experiments conducted at the SDS critical micellar concentration (Lu et al. 1993) . The higher area per surfactant does not increase significantly the penetration of the oil phase in the SDS monolayer (approx. 0.25 dodecane molecules per SDS), but results in a faster decay of the SDS structure with respect to the intrinsic surface, indicating that the surfactants are becoming more disordered. The increase in disorder with area per surfactant is consistent with sum frequency spectroscopy experiments of SDS monolayers at CCl 4 -water interfaces (Messmer et al. 1995; Conboy et al. 1996) . The largest changes in the water structure are observed in the head group region (|z/s OW | < 1). This must be connected to the increase in area per surfactant, making possible the adsorption of more water molecules. The structuring of water in the aqueous phase decreases with the increase in the area per surfactant, although these changes are in comparison smaller than in the head group region.
We have quantified the structural changes associated with the solvation of the head group by computing the number of water molecules per surfactant. With this purpose, we integrated the water density profiles from a point located in the oil phase (z = −10s OW ) up to the first minimum in the water density profile (z = 1.7s OW ). We found about 8.8 and 5.7 water molecules per surfactant for 45 Å 2 and 33 Å 2 , respectively. Our estimate for the higher area per surfactant, 8.8 for 45 Å 2 , is in good agreement with neutron reflectivity experimental estimates (Lu et al. 1993) .
We have also quantified the impact of the area per surfactant on the degree of dissociation of the surfactants. For consistency with the calculations discussed above, we estimated the number of ions associated with the surfactants from the integral of the sodium density profile, using z = 1.7s OW as the upper integration limit. We estimate that 95 per cent of the counterions are associated with the head group for the smaller surface area per surfactant (33 Å 2 ) and 90 per cent for the higher one (45 Å 2 ). This shows that the number of free ions in the aqueous solution is very small, in agreement with computations of SDS Newton black films ). The SDS-water interface is negatively charged, which is consistent with the electrokinetic measurements of SDS-stabilized oil droplets in water (Barchini & Saville 1996) . Our values for the charge density are of the order of 2.4 mC cm −2 . Similar values can be inferred from experiments (Barchini & Saville 1996) .
(b) Water orientation and hydrogen bonding
In the following, we investigate the molecular orientation of the water molecules and their corresponding hydrogen bond structure. Figure 4 shows the intrinsic orientational order parameters of water as a function of interface composition and area per surfactant. The results confirm our previous conclusions; namely, the presence of the oil phase is not relevant in determining the structural ordering of water. Indeed, the differences between the two sets of data, SDS-water and oil-SDS-water interfaces, are within the uncertainty of our computational approach.
The SDS ionic surfactants have a strong impact on the orientation of the water molecules. The dipole moment intrinsic profile is negative in the whole interval of distances, indicating that the water dipole is pointing towards the SDS chains in both SDS-water and oil-SDS-water interfaces. This orientation is stronger for water molecules located around the head group, −2 < z/s OW ≈ 2. The second moment distribution profile,T (z) (figure 4) shows that the plane of the water molecules solvating the head group in the aliphatic region has a weak tendency to lie planar with respect to the monolayer. This tendency is reversed in the aqueous phase, with the molecules showing a slight preference to lie with their plane perpendicular to the monolayer. These general features are reproduced at higher areas per surfactant, 45 Å 2 (figure 4). The dipolar order is slightly enhanced with respect to smaller areas per surfactant 33 Å 2 . This enhancement correlates well with the degree of counterion dissociation, 10 per cent at 45 Å 2 versus 5 per cent 33 Å 2 . The slow decay of the dipole moment orientational profile is connected to the polarization induced by the surfactants and the counterion charge distribution. The polarization observed in monolayers resembles that reported in water confined between SDS Newton black films . In that case, the polarization of water next to the SDS layer was of the order of P z approximately 5 × 10 9 V m −1 . The maximum polarization of water (at z ≈ s OW ) in the monolayers investigated here can be estimated from the electrostatic field associated with the water molecules,
where the displacement,
can be obtained from the charge distribution of the free charges, namely Na + and SDS − . The total electrostatic field is given by,
where r(z ) is the total charge distribution, which includes both the free charges and the partial charges in the water molecule. The magnitude of the polarization is P z ∼ 4.5 × 10 9 V m −1 , in good agreement with the polarization observed in Newton black films . As discussed there, this polarization has a strong impact in defining the total electrostatic field, and in the case of Newton black films is responsible for the anomalous dielectric behaviour of water. The strong polarization of water observed in the SDS monolayer cannot be described with mean field theories that model water as a dielectric background ). This notion should be taken into account in the experimental interpretation of electrokinetic properties (Barchini & Saville 1996) .
It is instructive to compare the ordering induced by the SDS monolayers on the water molecules with that of the bare water surface or water-oil interface (Chacón et al. 2006; Chowdhary & Ladanyi 2006; Bresme et al. 2008a Bresme et al. ,b, 2010 . We find that the dipolar order observed in the SDS films is much stronger, but, in comparison, the second moment shows larger variations in the water-oil and water interfaces, indicating a stronger preference for the molecules to adopt an orientation with the plane parallel to the water surface. The long-range dipolar order observed in the SDS systems is very different from that found in the water surface and water-oil interfaces. In that case, the order is restricted to the water surface layer.
To shed more light on the structure of interfacial water, we have computed the average number of hydrogen bonds per molecule as well as the probability of finding a water molecule sharing zero and up to four hydrogen bonds with other water molecules. We consider that two water molecules are hydrogen bonded if the distance between the oxygen atoms is smaller than 3.5 Å, and if the O−H· · · O angle is smaller than 30
• . Similar criteria have been used to investigate the water ordering at water-alkane interfaces (Chowdhary & Ladanyi 2006; Tay & Bresme 2006) . Figure 5 shows that the hydrogen bond structure is significantly disrupted in the interfacial region 'only', |z| < 2s OW . The number of hydrogen bonds of the solvating water molecules features a minimum at z approximately −s OW . We interpret this minimum as being the result of the competition between the hydrogen bonding with other water molecules and the solvation of the SDS head groups. This general behaviour is fairly independent of the area per surfactant; hence, we report results only for 33 Å 2 . The analysis of the hydrogen bond populations provides further insight on the structuring of the water molecules solvating the head groups. In the interfacial region, there is a drastic reduction in the probability of finding water molecules sharing three or four hydrogen bonds. Water molecules mostly share one or two hydrogen bonds. Similar behaviour has been observed in alkane-water interfaces (Bresme et al. 2010) . We also find molecules that do not share hydrogen bonds, although in this case the probability features a maximum at z approximately −s OW , i.e. next to the SDS head group, which coincides with the minimum observed in the average number of hydrogen bonds per molecule (figure 5a). The image stemming from our hydrogen bond analysis is that the majority of the water molecules located in the aliphatic region and near the SDS head group (z s OW ) share between zero and two hydrogen bonds. One interesting conclusion is that the hydrogen bond structure is perturbed only in the interfacial region; this is despite the strong polarization observed in water over a wide range of distances (figure 4). According to this, both polarization and the characteristic water hydrogen bond structure can 'coexist' in the liquid. This result is relevant for the development of theoretical approaches that include polarization effects as an extension of the Poisson-Boltzmann theory (Manciu & Ruckenstein 2005) . In this last section, we discuss the interfacial fluctuations in terms of the interface composition and area per surfactant. Figure 6 shows the interfacial fluctuations as a function of the wavevector for the three systems investigated in this work. The fluctuations show a similar behaviour irrespective of composition and area per surfactant. By fitting the simulation results to equation (2.9), it is possible to estimate both the monolayer surface tension and bending modulus. Our estimates for the surface tension are in good agreement with those obtained from the pressure tensor route (table 3) . The uncertainty for the former is nonetheless much larger. Hence, in order to estimate the elasticity of the monolayers, we performed the fitting with the bending modulus as the free parameter, whereas, for the interfacial tension, we employed the more accurate value computed using the microscopic pressure tensor route (table 3) . Moreover, in the fitting we considered q values smaller than q ≈ 2p/d, where d is the width of the monolayer, which we have taken here as d ≈ 1 nm. This corresponds to a cut-off of qs OW ≈ 2. Our results show that equation (2.9) very accurately describes the dependence of the fluctuations on the wavevector. Figure 6 clearly illustrates the relevance of the interfacial tension and the bending modulus contributions in determining the fluctuation spectrum. These two contributions cross at specific qs OW values, following the equation table 3 for numerical values), and hence shift to larger qs OW with interfacial tension. Despite the damping in the fluctuations introduced by the interfacial tension, our results show that it is possible to quantify the bending modulus of the monolayers under tension. Our estimates are of the order of k B T for all the systems investigated (table 3), the bending of the oil-SDS-water being slightly higher than that of the SDS-water interface.
The bending modulus of SDS monolayers in MEs has been measured experimentally. Values of the order of ≈ k B T have been reported (Meunier 1985; Binks et al. 1989) . We note that, in comparing our simulation results with experimental data, one should take into account that (i) the experimental interfacial tension is significantly lower than that considered here; (ii) the aqueous solutions used in the experiments contain salt; and (iii) the ME monolayers are actually mixed monolayers including alcohol as co-surfactant. The bending modulus should depend on all these parameters according to theoretical approaches (Szleifer et al. 1988) . For the specific case of 'bilayers', a strong dependence of the bending modulus on surface area per surfactant, bilayer composition and surfactant length was reported. For high packing densities, large changes in the bending modulus have been predicted, with an increase of ∼10k B T , when the surfactant length increases from 6 to 12 carbon atoms. We note, however, that computer simulations of monolayers using mesoscopic models at zero interfacial tension have reported smaller changes with the chain length, between 0.5 and 3 k B T for chain lengths varying from nine to 18 alkyl units (Rekvig et al. 2004) . Our values for dodecyl sulphate monolayers are therefore at the lower end, and do not show a significant dependence of the bending modulus on area per surfactant in the range of 33-45 Å 2 .
Conclusions
We have performed a molecular dynamics investigation of the structure and elasticity of SDS monolayers adsorbed at the water surface and oil(dodecane)-water interfaces. The computation of the intrinsic density profiles provides a detailed view of the interfacial structure, and a route to discuss in a quantitative way how the oil phase influences the structure of surfactant monolayers. The SDS counterions are weakly dissociated from the headgroup. We find a small dependence, 5-10%, of the degree of dissociation on the area per surfactant in the interval 33-45 Å 2 . These areas per surfactant are near to those found in experiments of Newton black films and in solutions of SDS surfactants at the critical micellar concentration. Despite the small degree of dissociation, the ionic monolayer has a large impact on the water structure, which features an oscillatory behaviour that extends into the aqueous phase about three water molecule diameters (approx. 1 nm). This is in contrast with the water-free surface, where no order is observed beyond 1.5 water molecule diameters (approx. 0.5 nm) (see Chacón et al. 2006; Bresme et al. 2010) . We also find that the hydrogen bond structure of water is significantly perturbed in the interfacial region only, |z| < 6 Å. The interfacial water molecules in the aliphatic region form dimers and trimers. Interestingly, the orientational structure of water shows a much longer range. Water is polarized in the whole simulation box, spanning distances z > 20 Å, with the water dipoles pointing preferentially towards the monolayer. This water polarization screens the monolayer electrostatic field. We find that the polarization can be very strong near the monolayer, with values of the order of 10 9 V m −1 . This behaviour is reminiscent of that found in water confined in SDS Newton black films, and it should be taken into account to model theoretically the ion distribution in these surfactant structures. We find that the nature of the interface, air-SDS-water or oil-SDS-water, has little influence on the water structure.
We have also investigated the dependence of the monolayer structure on the area per surfactant. An increase in the area per surfactant results in more disordered monolayers, in agreement with experimental observations. At low areas per surfactant (33 Å 2 ), the surfactants remain disordered. We find that addition of oil increases the thickness of the SDS monolayer by about 10 per cent, despite the small penetration of oil (dodecane) in the monolayer (0.2-0.25 dodecane molecules per surfactant). This degree of penetration is lower than that reported in other surfactant systems, e.g. 0.5 oil (cyclohexane) molecules in oilwater interfaces stabilized with cationic surfactants. We expect that the degree of penetration will depend on the amount of surfactant and we do not discount a stronger dependence at higher areas per surfactant.
Finally, in order to quantify the elasticity of the monolayers, we have computed the monolayer fluctuations. The fluctuations very accurately follow the Helfrich model. A fitting of our results to this model indicates that the bending modulus of the SDS monolayers is of the order of k B T , showing a small dependence on both the area per surfactant (in the range of 33-45 Å 2 ) and the interface composition (SDS-water or oil-SDS-water).
